The clinical isolate Escherichia coli CF884 exhibited low-level resistance to ceftazidime (4 g/ml) by a positive double-disk synergy test and apparent susceptibility to cefuroxime, cefotaxime, cefepime, cefpirome, and aztreonam. The enzyme implicated in this phenotype was a novel 180-kb plasmid-encoded TEM-type extendedspectrum ␤-lactamase designated TEM-126 which harbors the mutations Asp179Glu and Met182Thr. TEM-126 exhibited significant hydrolytic activity (k cat , 2 s ؊1 ) and a K m value of 82 M against ceftazidime. Molecular dynamics simulations suggested that the substitution Asp179Glu induces subtle conformational changes to the omega loop which may favor the insertion of ceftazidime in the binding site and the correct positioning of the crucial residue Glu166. Overall, these results highlight the remarkable plasticity of TEM enzymes, which can expand their activity against ceftazidime by the addition of one carbon atom in the side chain of residue 179.
␤-Lactamase preparation. TEM-encoding genes were overexpressed from E. coli BL21(DE3) containing the pET9a derivative plasmids in 2xYT broth (Qbiogene, Irvin, Calif.) supplemented with 0.1 mM isopropyl-␤-D-thiogalactopyranoside (Sigma Chemical Co., St. Louis, Mo.), as reported previously (7) . The enzymes were extracted by ultrasonic treatment, as described elsewhere (4) .
The clarified supernatant was loaded onto a Q Sepharose column (10 ml; Amersham Pharmacia Biotech) equilibrated with 20 mM Tris-HCl (pH 7.0). The bound proteins were eluted with a linear NaCl gradient (0 to 500 mM). The ␤-lactamase-containing elution peak was loaded onto a Superose 12 column (Amersham Pharmacia Biotech) which had been equilibrated and eluted with the buffer 20 mM Tris-HCl-100 mM NaCl (pH 7.0). The ␤-lactamase-containing elution peak was extensively dialyzed against 100 mM NaCl, concentrated by ultrafiltration, and stored at Ϫ20°C until use. The total protein concentration was estimated by the Bio-Rad protein assay (Bio-Rad, Richmond, Calif.), with bovine serum albumin (Sigma Chemical Co.) used as a standard. The purities of the TEM extracts were estimated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, as reported previously (4) .
Determination of ␤-lactamase kinetic constants. The Michaelis constant (K m ) and catalytic activity (k cat ) were determined with purified extracts by using a computerized microacidimetric method (22) . The concentrations of the inhibitors (clavulanate and tazobactam) required to inhibit enzyme activity by 50% (IC 50 s) were determined as described previously (4) . The kinetic constants were determined three times, and the coefficients of variation were less than 15%.
Molecular dynamics simulation. The ESBL TEM-126 was modeled from the crystallographic structure of the Met182Thr mutant of TEM-1 (1JWP) (42) by the introduction of the amino acid substitution Asp179Glu as part of an automated procedure. The ceftazidime acyl-enzyme complexes of TEM-126 and mutant Met182Thr of TEM-1 were constructed on the basis of the crystallographic structures for acyl-enzyme species of class A ␤-lactamases (1YMX and 1FQG) (8, 38) and the ceftazidime-like boronic acid complex of Met182Thr mutant TEM-1 (1M40) (30) . The systems were solvated with water in a periodic cubic box that was large enough to contain the system and 1 nm of solvent on all sides. Version 1.8.2 of the VMD package was used to manipulate the systems (14) . The GROMACS software package, version 3.2 (3, 26) , and the geometric and charge parameters of the OPLSAA force field (18) were used to carry out all energy minimizations and molecular dynamics simulations (MDSs). TIP3P parameters were used for the water molecules (17). The particle-mesh Ewald method (9) was used to treat long-range electrostatics. All covalent bond lengths were constrained by the SHAKE algorithm (33) with a relative tolerance of 10 Ϫ4 , with a time step of 1.5 fs allowed to carry out MDSs. The systems were equilibrated as reported previously (29) . Production runs (400 ps) of MDSs were then made at 300 K, with coordinates collected every 0.0015 ps. During the productive phase of simulation, the temperature was kept constant at 300 K, while the pressure was kept constant by the weak coupling constant of 1 bar by using Berendsen's algorithms. The velocities of all atoms were generated from a Maxwellian distribution. The final models were obtained by averaging the overall structures collected during the simulation, followed by 6,000 steps of steepest descent and conjugate gradient energy minimizations. The trajectory and final models were analyzed by the root mean square deviation (RMSD), which is the distance between the atoms of a reference structure and the atoms of the protein structures along the simulation; the root mean square fluctuation (RMSF), which is the distance between the atoms of the protein structures sampled along the simulation; and the radius of gyration, a measurement of structure compactness. Two geometric criteria were used for detection of the hydrogen bond: the maximum distance between the hydrogen donor atom and the hydrogen acceptor atom was 0.32 nm; and the minimum angle allowed between the hydrogen donor atom, the hydrogen atom, and the hydrogen acceptor atom was 130°.
Nucleotide sequence accession number. The nucleotide sequence of the bla TEM-126 gene was submitted to the GenBank nucleotide sequence database and was assigned accession number AY628175.
RESULTS
Phenotypic characterization of E. coli CF884. E. coli CF884 was isolated from the ascitic fluid from a patient admitted to the intensive care unit for acute alcoholic pancreatitis. One month before, this 35-year-old patient had been successfully treated for an episode of nosocomial pneumonia with ciprofloxacin (0.2 g/day), ceftazidime (1 g/day), and metronidazole (0.5 g/day) for 1 week and then with ceftazidime and metronidazole only for an additional 2 weeks.
A low level of resistance to ceftazidime was revealed by conventional disk diffusion assay and the mini-API and VITEK 2 systems (MIC, 4 g/ml). The expert system of mini-API was not able to interpret the result, in contrast to the Advanced Expert System of VITEK 2, which identified the resistance phenotype as an ESBL type. ESBL production was confirmed by positive synergy tests with ceftazidime-containing disks, according to the double-disk and combinatory disk methods. E. coli CF884 was also resistant to nalidixic acid, pefloxacin, ciprofloxacin, chloramphenicol, and tetracycline and was susceptible to aminoglycosides.
Mating-out experiments, isoelectric focusing of ␤-lactamases, and MICs. Ceftazidime resistance was transferred to Escherichia coli C600 by mating-out experiments at a low frequency (10 Ϫ6 ). The resulting transconjugant presented a phenotype of resistance to ␤-lactams similar to that of clinical isolate E. coli CF884. Resistance to chloramphenicol and tetracycline was cotransferred with the resistance to ␤-lactams. The analysis of plasmid content revealed the transfer of one 180-kb plasmid, designated pCF884. Isoelectric focusing showed that E. coli CF884 and the corresponding transconjugant produced ␤-lactamases of pI 5.4.
The MICs of the clinical isolate and of the corresponding transconjugant showed resistance to penicillins (32 to 512 g/ ml) ( Table 1 ) and low-level resistance to cephalothin (MICs, 8 to 16 g/ml) and ceftazidime (MICs, 4 to 8 g/ml). The MICs of cefuroxime, cefotaxime, aztreonam, cefepime, and cefpirome were closely related to those of E. coli C600, which did not produce a TEM-type ␤-lactamase. Clavulanate or tazobactam restored susceptibility to penicillins and ceftazidime (Table 1).
DNA sequencing. A DNA fragment of 1,064 bp was amplified from the E. coli transconjugant by using primers specific to the TEM-type genes. Sequence analysis revealed that the bla TEM gene differed from bla TEM-1 by two mutations that led to amino acid substitutions: glutamate for aspartate at position 179 and (23, 24) . Biochemical characterization of TEM-126. The TEM-126-and TEM-1-encoding genes were cloned in expression vector pET9a. The corresponding plasmids were designated pET-TEM-126 and pET-TEM-1, respectively. The enzymes were overexpressed in E. coli BL21(DE3) and were purified by fastperformance liquid chromatography. The yield of purified ␤-lactamases was 1 to 20 mg per liter of culture medium. The rate of purity was estimated to be Ͼ95% by Coomassie blue staining of the sodium dodecyl sulfate-polyacrylamide gels (data not shown).
The kinetic constants of TEM-126 and TEM-1 were determined with the purified enzymes ( Table 2 ). The k cat values of TEM-126 for penicillins were three-to fivefold lower than those of TEM-1. The K m values for the penicillins were higher for TEM-126 (60 to 196 M) than for TEM-1 (15 to 55 M). Overall, the catalytic efficiency against the penicillins was lower for TEM-126 (k cat /K m , 0.4 to 7.6 M Ϫ1 · s Ϫ1 ) than for TEM-1 (k cat /K m , 4 to 77 M Ϫ1 · s Ϫ1 ). As was observed with the penicillins, the catalytic efficiency against cephalothin was slightly lower for TEM-126 than for TEM-1. However, TEM-126, unlike TEM-1, significantly hydrolyzed ceftazidime (k cat values, 2 s Ϫ1 and Յ0.01 s Ϫ1 , respectively). In addition, the K m value of TEM-126 was lower for ceftazidime (82 M) than for amoxicillin (196 M) and cefuroxime (178 M). No catalytic activity was detectable against cefotaxime.
TEM-126, like TEM-1, was inhibited by clavulanic acid (IC 50 s, 0.06 M and 0.08 M, respectively) and tazobactam (IC 50 s, 0.09 M and 0.13 M, respectively).
Molecular dynamics simulations. The free enzymes TEM-126 and the Met182Thr mutant of TEM-1, designated enzyme M182T, and their ceftazidime acyl-enzyme complexes were modeled from crystallographic structures to investigate the role of the Asp179Glu substitution in the extended-spectrum activity of TEM-126. The behaviors of these four molecular models were compared by use of an OPLSAA force field during three independent MDSs of 400 ps at a temperature of 300 K.
For each model, the three simulations gave similar results.
The RMSD of backbone atoms (Fig. 1 ) and the thermodynamic parameters (temperature, pressure, and potential energy [data not shown]) showed that the molecular system was equilibrated after the 200-ps MDS, and hence, the data from the last 200 ps were used for analysis. The radius of gyration and the RMSDs of C␣ atoms were similar to those of the crystallographic structure of enzyme M182T and remained sta- Table 3 ). The secondary structure was preserved during the simulation (data not shown). The secondary structure elements exhibited low values of RMSFs of C␣ atoms, like, for example, residues 231 to 235 of ␤3 strand and residues 70 to 76 of helix 2 located in the vicinity of the catalytic site (Fig. 2) . As is usual in the MDSs of proteins, the main contribution to the motion is localized in loops connecting the secondary structure elements (i.e., residues 52 to 54, 99 to 101, 114 to 116, 174 to 176, and 252 to 254). The overall architectures of the active sites were similar for the free enzymes and the acyl-enzyme complexes. The RMSFs of the backbone atoms located in the active site (residues 68 to 73, 130 to 132, 161 to 179, and 234 to 240) showed that the largest fluctuations were located at residues 174 and 175 of the omega loop. The lifetime of the hydrogen bonds was calculated during the simulation for residues 179 and 166 of the omega loop and the ceftazidime adduct. In the free and acyl-enzyme forms of enzyme M182T, the carboxyl group of the Asp179 side chain formed four stable hydrogen bonds: one hydrogen bond with the backbone N atom of Asp163 (hydrogen bond lifetime, 100% Ϯ 0.0%) and three hydrogen bonds with Arg164. One interaction bonded the Arg164 backbone N atom (hydrogen bond lifetimes, 83.4% Ϯ 1.2% and 96.9% Ϯ 0.2% for the free and the acyl-enzyme forms of enzyme M182T, respectively), and the other two bonded the Arg164 guanidium group (hydrogen bond lifetimes, 91.9% Ϯ 0.7% and 100% Ϯ 0.0%, respectively). The last two interactions were conserved in the free and the acyl-enzyme forms of TEM-126 (hydrogen bond lifetimes, 98.7% Ϯ 0.2% and 100% Ϯ 0.0%, respectively). However, the Asp179Glu substitution of TEM-126 removed the interactions with the Asp163 and the Arg164 backbone N (hydrogen bond lifetime, 0% Ϯ 0.0%). In addition, the lifetime of the hydrogen bond, which linked the backbone O atom of residue 179 and the backbone N atom of residue 68, was higher for the free and the acyl-enzyme forms of enzyme M182T than for the corresponding forms of TEM-126 (hydrogen bond life- times, 39.3% Ϯ 0.2% to 53.9% Ϯ 2.4% versus 4.3% Ϯ 3.2% to 6.3% Ϯ 5.6%). The distance between the two atoms was less favorable for this interaction type in TEM-126 than in the M182T enzyme (Fig. 3A) . The Oε1 atom of Glu166 interacted with the N␦2 atom of Asn170 in the free M182T enzyme and TEM-126 models (hydrogen bond lifetimes, 94.0% Ϯ 0.1% to 99.9% Ϯ 0.0%; distribution of distances, 0.242 to 0.402 nm), as observed in the class A ␤-lactamase crystallographic structures. This canonical interaction was conserved in the ceftazidime acyl-enzyme complex of TEM-126 (hydrogen bond lifetime, 97.9% Ϯ 0.1%). In contrast, the hydrogen bond between Glu166 and Asn170 disappeared in the ceftazidime acyl-enzyme complex of enzyme M182T (hydrogen bond lifetime, 0.0% Ϯ 0.0%) (Fig. 3B) .
The overall positioning of the ceftazidime adduct in the M182T and TEM-126 enzymes was consistent with an acylenzyme complex. The carbonyl oxygen atom corresponding to the ␤-lactam ring was located in the oxyanionic hole and interacted with the backbone N atoms of Ala237 (hydrogen bond lifetimes, 97.2% Ϯ 0.4% to 99.9% Ϯ 0.0%) and Ser70 (hydrogen bond lifetimes, 95.0% Ϯ 0.3% to 99.0% Ϯ 0.0%). The conserved carboxyl acid group of the cephem ring interacted with the O␥ of Thr235 and the N of Lys234 (hydrogen bond lifetimes, 84.5% Ϯ 1.2% to 100% Ϯ 0.0%). The amide function of the ceftazidime 7␤ side chain was hydrogen bonded with the backbone O atom of residue 237 (hydrogen bond lifetimes, 90.6% Ϯ 2.0% to 93.0% Ϯ 0.5%) and the N␦2 atom of Asn132 (hydrogen bond lifetimes, 70.0% Ϯ 1.4% to 82.0% Ϯ 0.8%).
MDS average structures were computed from the two acylenzyme simulations. The RMSDs, which were calculated from these structures, were 1.07 Å for the C␣ atoms of residues 164 to 171 of the omega loop and 1.24 Å for the heavy atoms of the ceftazidime adduct. Their superimposition (Fig. 4) revealed a distinct hydrogen bond network, as reported above, and, hence, differences in the positioning of the Arg164 side chain, which is associated with an approximately 1-Å shift of the TEM-126 omega loop (Fig. 4A) , notably at position 167 and in the vicinity of the ceftazidime aminothiazol ring. Thus, the ceftazidime adduct was more deeply inserted in the TEM-126 binding site than in that of enzyme M182T (Fig. 4B) . This accommodation was accompanied by a rotation of the ceftazidime carboxyl propyl group of about 109°toward the solvent.
DISCUSSION
The starting point of this work was the observation of a clinical isolate that exhibited a positive double-disk synergy test result and low-level resistance to ceftazidime (4 g/ml), associated with an apparent susceptibility to cefuroxime, cefo- taxime, cefepime, cefpirome, and aztreonam. The enzyme responsible for this resistance phenotype was a novel TEM-type ESBL, designated TEM-126, which harbors the two substitutions Asp179Glu and Met182Thr. The Met182Thr substitution, which is located far from the active site, has been found in several natural ESBL mutant enzymes. It has been shown by thermodynamic and enzymatic studies that this substitution does not affect ␤-lactamase activity but acts as a global stabilizer (13, 42) . The Met182Thr substitution restores the stability lost by substitutions near the active site and, hence, is a rescue substitution for TEM ESBL-type mutants such as TEM-126 (13, 42) . Before the characterization of TEM-126, the substitution at position 179 had never been observed in TEM-type ESBLs, despite 20 years of natural evolution. In vitro evolution experiments did not provide any substitutions at this position either (2, 31, 37) . In addition, previous site-directed mutagenesis experiments showed that TEM-1 mutants, which harbor the Asp179Glu substitution, did not confer a significant increase in the level of resistance to ceftazidime (40) (41) (42) . Surprisingly, this substitution, associated with the mutation Met182Thr, was responsible for the extended-spectrum activity of the unexpected TEM-126 enzyme against ceftazidime. The resistance to ceftazidime was enhanced by the expression of TEM-126-encoding gene from the strong promoter Pa/Pb.
From the crystal structures of the SHV-and TEM-type penicillinases (16, 21, 38) , it is apparent that residue Asp179 interacts strongly with Arg164, forming the neck of the omega loop. This salt bridge is important for the conformation and the stability of the omega loop (10) . Substitutions at position 164 are very common in TEM-type ESBLs, and substitutions at position 179 have frequently been reported in SHV-type ESBLs (i.e., SHV-6, SHV-8, and SHV-24). In these enzymes, the acidic residue Asp179 is replaced by the Ala or Gly neutral residues or the basic residue Asn, which extend the spectrum of activity against extended-spectrum ␤-lactams. These changes are involved in the extension of substrate specificity to extended-spectrum cephalosporins such as ceftazidime by increasing the omega loop flexibility as the result of a modification of the hydrogen bonds at the neck of this loop (21) . In TEM-126, residue Asp179 is not replaced by a neutral or a basic residue but by a residue closely related to the Asp amino acid, the acidic residue Glu179, which harbors one additional group, CH 2 , in comparison with the side chain of the aspartic acid residue.
The hydrolytic activity against ceftazidime was 100-fold higher for TEM-126 than for TEM-1 and the TEM mutant Met182Thr (42) . In addition, the K m value for ceftazidime was lower for TEM-126 (82 M) than for TEM-1 (557 M) (42); the TEM mutant Met182Thr (319 M) (42); and TEM-12 (240 M) (6), which harbors a substitution at position 164. These results suggest that the single addition of one carbon on the side chain of residue 179 significantly improves the catalytic efficiency of TEM-type enzymes against ceftazidime.
The free and ceftazidime acyl-enzyme forms of TEM-126 and mutant Met182Thr of TEM-1 (designated enzyme M182T) were modeled to investigate the role of residue Glu179 in ceftazidime hydrolysis. In enzyme M182T, the positioning of the omega loop obstructed the deep insertion of the ceftazidime adduct in the active site. This is in accordance with the previous study of Vakulenko et al. (40) , which showed that the poor activity of TEM-1-type penicillinases against expanded-spectrum ␤-lactams such as ceftazidime was due to steric hindrance by the omega loop of the bulky 7␤ side chain of these substrates in the active site. Substitution Asp179Glu induced a reorganization of hydrogen bonds in TEM-126 between residues 179 and 164. Two hydrogen bonds, which linked the Glu179 side chain with residues Asp163 and Arg164, were removed during the dynamics simulations. It would be interesting to confirm the hypothesis based on the model, to The modifications of the hydrogen bonds induced significant behavioral changes in the critical residues of the omega loop, in particular, residues 167 and 166. Position 167 of the omega loop is critical for activity against extended-spectrum ␤-lactams and, notably, against ceftazidime. The replacement of residue Pro167 by the Ser167 or the Thr167 residue results in improved activities of the ESBLs CTX-M-19, CTX-M-23, BPS-1m, and OXY-2-5 against ceftazidime (12, 27, 32, 39) . In TEM-126, there is no substitution at position 167. However, residue Pro167 shifts away from the binding site during the dynamics simulation of TEM-126 ceftazidime acyl-enzyme intermediate as a consequence of the modification of the hydrogen bond network induced by the substitution Asp179Glu. This widening of the opening to the active site facilitated the better accommodation of the bulky 7␤ functionality of ceftazidime. Consequently, the ceftazidime adduct was more deeply inserted in the catalytic cavity of TEM-126 than in that of enzyme M182T.
The invariant residues Glu166 and Asn170 are located in the omega loop. The Glu166 and Asn170 residues are tightly bound to each other and to the catalytic water molecule. These interactions maintain the water molecule and allow its activation by the Glu166 residue for nucleophilic attack on the acylenzyme intermediate (10, 11) . In our simulation, the interaction between Glu166 and Asn170 disappeared in the ceftazidime acyl-enzyme intermediate of enzyme M182T as a consequence of an unfavorable displacement of Glu166. In contrast, the ceftazidime acyl-enzyme form of TEM-126 conserved this interaction, which may be more favorable for the efficient activation of the catalytic water.
In conclusion, we describe a novel TEM-type ESBL which harbors the stabilizing substitution Met182Thr and substitution Asp179Glu. Molecular dynamics simulations suggested that substitution Asp179Glu induces subtle conformational changes of the omega loop. This modification may favor the deep insertion of extended-spectrum ␤-lactams such as ceftazidime and the correct positioning of the crucial residue Glu166. Overall, these results highlight the remarkable plasticity of TEM enzymes, which can adapt their activity against ceftazidime by the simple addition of one carbon atom in the side chain of one residue of the omega loop. 
